Background: Claudins mediate the trans-epithelial barrier function of epithelial tissues in vertebrates and invertebrates. Results: Proteomic and in vivo analyses of the claudin Megatrachea protein complex identify novel Megatrachea interacting factors.
Claudins are integral transmembrane components of the tight junctions forming trans-epithelial barriers in many organs, such as the nervous system, lung, and epidermis. In Drosophila three claudins have been identified that are required for forming the tight junctions analogous structure, the septate junctions (SJs). The lack of claudins results in a disruption of SJ integrity leading to a breakdown of the trans-epithelial barrier and to disturbed epithelial morphogenesis. However, little is known about claudin partners for transport mechanisms and membrane organization. Here we present a comprehensive analysis of the claudin proteome in Drosophila by combining biochemical and physiological approaches. Using specific antibodies against the claudin Megatrachea for immunoprecipitation and mass spectrometry, we identified 142 proteins associated with Megatrachea in embryos. The Megatrachea interacting proteins were analyzed in vivo by tissue-specific knockdown of the corresponding genes using RNA interference. We identified known and novel putative SJ components, such as the gene product of CG3921. Furthermore, our data suggest that the control of secretion processes specific to SJs and dependent on Sec61p may involve Megatrachea interaction with Sec61 subunits. Also, our findings suggest that clathrin-coated vesicles may regulate Megatrachea turnover at the plasma membrane similar to human claudins. As claudins are conserved both in structure and function, our findings offer novel candidate proteins involved in the claudin interactome of vertebrates and invertebrates.
The main function of epithelial sheets is the establishment and maintenance of well defined fluid compartments in multicellular organisms by controlling the paracellular flow of watersoluble molecules between adjacent epithelial cells. This barrier function is mediated by membrane-anchored protein complexes, the tight junctions (TJs) 5 in vertebrates and the septate junctions (SJs) in invertebrates (1, 2) . The TJs are localized laterally in the most apical plasma membrane of the polarized epithelial cell. They organize focal contacts between neighboring cells and thereby establish a barrier that controls the flow of solutes across the epithelium. In contrast, the SJs extend more basally in the lateral membranes and, based on the alternating appearance of porous and dense material between the lateral cell membranes of two adjacent cells, display a ladder-like structure in electron microscopic images (3) (4) (5) .
Despite their different morphology, membrane localization, and functional properties both SJs and TJs contain members of the transmembrane claudin protein family (6, 7) . Claudins were first identified in TJs from chicken liver cells, and so far 27 members have been identified in vertebrates (7, 8) . Each claudin exhibits a distinct tissue-specific expression pattern, and it has been suggested that the levels and the combination of claudins are crucial in the regulation of the selectivity of the epithelial barrier function. Severe human diseases are caused by mutations in claudin genes, and various claudins are abnormally expressed in cancers (6) . In contrast to vertebrates, the Drosophila claudins comprise a small group of only three proteins, Megatrachea (Mega) (9), Sinuous (10), and Kune-kune (Kune) (11) . Lack-of-function and gain-of-function experiments revealed that the Drosophila claudins mediate the transepithelial barrier function as found for vertebrate claudins (9 -11) .
Claudins are characterized by four transmembrane domains, a large and a small extracellular loop, an intracellular loop, and N-and C-terminal cytoplasmic regions. Also, most of the claudin proteins contain potential protein-protein interaction domains, with which they may interact with the protein binding PDZ motifs of cytoplasmic proteins. For example, the PDZ domains of MUPP1 (multi-PDZ domain protein 1) are binding partners of claudin-1 (12) and claudin-5 (13) . In addition, the TJ-associated MAGUKs (membrane-associated guanylate kinase-like homologues) ZO-1, ZO-2, and ZO-3 bind directly to the C termini of claudins (14) . Furthermore, gain-of-function experiments suggest an interaction of the Drosophila claudin Mega with the Coracle (homologous to the human erythrocyte protein 4.1)-Neurexin protein complex of SJs (9) . The important role of Drosophila claudins for SJ formation via protein-protein interactions is further supported by the observation that the lack of a particular claudin leads to the disintegration of SJs (9 -11) . In addition to claudins, an increasing number of SJ proteins have been identified in the last years (15, 16) . However, no comprehensive study of the claudin interactome has been performed in invertebrates.
Here we show a proteomic analysis of the Drosophila embryonic claudin Mega interactome by immunoprecipitation and mass spectrometry. We identified 142 different proteins that potentially interact in a direct or indirect manner with the SJ protein Mega. Tissue-specific knockdown experiments of the corresponding genes by RNA interference and their phenotypic in vivo analysis revealed putative essential SJ components, factors that mediate secretion via Mega, and components involved in Mega turnover at the plasma membrane.
EXPERIMENTAL PROCEDURES

Isolation of Membrane Extracts from Drosophila Embryos-
Wild-type Drosophila embryos (1g; 9 -22 h old) were dechorionated with 2.5% sodium hypochlorite (commercial bleach diluted 1:1 with H 2 0) for 5 min at room temperature. All procedures beyond this point were carried out at 4°C. Dechorionated embryos were disrupted in 2 ml of membrane lysis buffer (50 mM Tris, pH 7.5, 150 mM KCl, 5 mM MgCl 2 , 0.25 M sucrose, 0.1 mM DTT, 1 mM PMSF) with 5 strokes of PestleA and 10 strokes of PestleB in a Dounce homogenizer (Kimble Kontes). The extract was centrifuged at 1000 ϫ g for 10 min to pellet down cell debris and nuclei. The supernatant was mixed with 15.2 ml of 2.5 M sucrose and transferred to an SW27 tube. This mix was overlaid with 12.5 ml of 2.0 M sucrose followed with 7 ml of 0.5 M sucrose. Centrifugation was performed at 100,000 ϫ g for 4 h. The membrane fraction at the interface of the 0.5 and 2.0 M sucrose layer was removed with a Pasteur pipette, mixed with 2 volumes of membrane lysis buffer, and centrifuged at 30,000 ϫ g for 30 min (17) .
Immunoprecipitation of Mega from Membrane ExtractsThe membrane extracts were resuspended in 0.5 ml Nonidet P-40-lysis buffer (150 mM NaCl, 50 mM Tris, pH 8, 1 or 0.5% Nonidet P-40) to solubilize proteins from lipid bilayers. After incubation on ice for 30 min, the suspension was centrifuged at 30,000 ϫ g (4°C) for 30 min. For immunoprecipitation we used the Dynabeads co-immunoprecipitation kit (Invitrogen) according to the manufacturer's protocol. The precipitated proteins were either analyzed by SDS-PAGE and Western blot or by mass spectrometry.
Mass Spectrometry-Proteins enriched by immune-precipitation were separated by one-dimensional PAGE (4 -12% NuPAGE, Invitrogen) and stained with colloidal Coomassie. Entire lanes were cut out into 23 slices and subjected to in-gel digestion with trypsin (18) . Tryptic peptides were analyzed by LC-coupled-MSMS on an Orbitrap XL mass spectrometer (Thermo Fisher Scientific) under standard conditions. Fragment spectra were searched against the NCBI protein database (NCBI 20071008 with 54,234 Drosophila entries) with Mascot (Matrix Science) as the search engine. The following search parameters were used: carbamidomethylcysteine and oxidation of methionine as variable modifications, 2 miss cleavages allowed, precursor mass deviation was set to 5 ppm, fragment mass deviation to 0.5 Da, protein false positive rate was set to maximum 0.1%. Data were annotated using Scaffold (Proteome Software, Version 3.4.3) using the following parameters: minimum peptide and protein identification probability 80%, minimum 2 identified peptides per protein. Proteins identified in both immunoprecipitations (IPs) and control samples were quantified using spectral counting and Top3 TIC (total ion current of the top 3 peptides for each protein) methods within Scaffold. The non-normalized-fold change ratios with 95% significance for each IP are highlighted in green in supplemental Table 1 . Detailed information about each protein (identified peptides, identification probability, mascot score, modifications) is provided in supplemental Table 2 .
Immunochemistry-Whole-mount immunostainings of fixed embryos were performed as described previously (19) . Primary antibodies used were the following. Mouse monoclonal anti-Mega antibody (anti-Mega mABs) directed against the peptide GYQPPRHHHSQSRSL (amino acids 238 -252) was generated by GenScript (Piscataway, NJ). Rabbit anti-Crim antibodies directed against the peptides VTERRGARETITRDC (amino acids 61-75) and HTIKEHDVRRDYYTDT (amino acids 108 -123) of Crim (CG6038) were generated by PSL GmbH (Heidelberg, Germany). Monoclonal antibody 2A12 (Developmental Studies Hybridoma Bank (DSHB), University of Iowa, Iowa City, IA) was used to visualize tracheal lumen. The rat anti-clathrin heavy chain (Chc) antibody was used in a 1:40 dilution for immunofluorescence labeling studies in whole mount embryos (20) . Alexa633-conjugated wheat germ agglutinin (1:200, Molecular probes, Invitrogen) was used to label plasma membrane surfaces. Embryo fixation, fluorescence immunostainings, and confocal microscopy were performed as described (20) . Each fluorochrome was scanned individually in single optical sections by using standard settings (LSM710, Zeiss Zen software) and a 63ϫ LCI Plan Neofluar objective. Secondary antibodies used were the following: biotinylated goat anti-mouse immunoglobulin M (Jackson ImmunoResearch Laboratories, West Grove, PA); biotinylated horse anti-mouse immunoglobulin G (IgG) and biotinylated goat anti-rabbit IgG (Vector Laboratories, Burlingame, CA); goat anti-mouse IgG-Alexa568, goat anti-rabbit IgG-Alexa568, goat anti-mouse IgG-Alexa488, and goat anti-rabbit IgGAlexa488 (Invitrogen). Vectastain ABC elite kit (Vector Laboratories) and/or Tyramide Signal Amplification (PerkinElmer Life Sciences) were used to enhance signals. Image acquisition was performed with a Leica TCS SP2 (Leica Microsystems GmbH, Mannheim, Germany) and a Zeiss LSM780 (Carl Zeiss MicroImaging GmbH, Jena, Germany) confocal microscope.
Fly Strains and Genetic Crosses-Ectopic RNAi expression in the embryonic tracheal system was performed by crossing the driver btl-GAL4 (21) with UAS-RNAi reporter lines (VDRC; Vienna Drosophila RNAi Center) at 25°C. Balancers and marker chromosomes were obtained from the Bloomington Stock Center (Indiana University, Bloomington, IN).
RESULTS
Immunoprecipitation of Mega Protein
Complexes-A prerequisite for the isolation of Mega protein complexes by immunoprecipitation is the availability of large quantities of highly specific antibodies. To obtain such antibodies, we produced monoclonal antibodies (mABs) directed against N-terminal cytoplasmic protein sequences of the SJ component Mega ("Experimental Procedures"). The anti-Mega mAB 1H10F7 detects the Mega protein specifically in the Drosophila embryo ( Fig. 1 , A-C) and on Western blots of embryonic protein extracts (Fig. 1D ). In addition, the antibody detects high levels of UAS/GAL4-mediated (22) expression of Mega in embryos ( Fig. 1E ) and in embryonic extracts via Western blot analysis (Fig. 1D) . Also, the anti-Mega mAB reveals the specific SJ localization of the claudin Mega (Fig. 1C) . The anti-Mega mAB is very specific for Mega as it is able to detect Mega in wild-type embryos (Fig. 1F) but not in mega mutant embryos (Fig. 1G) . Taken together, these results indicate that the anti-Mega mAB 1H10F7 is of high specificity and recognizes folded and denatured Mega, making it, therefore, suitable for immunoprecipitation experiments.
For the immunoprecipitations we used collections of 9 -22-h-old Drosophila embryos, encompassing the developmental time in which SJs are formed and established (4) . The embryos were used to prepare protein membrane extracts as described (see "Experimental Procedures"). Integral membrane proteins were solubilized from pellets of the membrane fractions by incubation with 0.5 or 1% Nonidet P-40 lysis buffer. The protein complexes were immunoprecipitated from the solubilization buffers using anti-Mega mAB 1H10F7 coupled to Dynabeads and analyzed by SDS-PAGE and Western blot analysis ( Fig. 2 ; "Experimental Procedures"). Mega was detectable in the solubilized fractions (Fig. 2, B and D) and after immunoprecipitation with anti-Mega mABs in the solubilized 1% Nonidet P-40 fraction (Fig. 2B) . Mega was not detectable in the control immunoprecipitations using only Dynabeads (Fig. 2, B and D) and after immunoprecipitation with anti-Mega mABs from the solubilized 0.5% Nonidet P-40 fraction (Fig. 2D) . Although the immunoprecipitation of the 0.5% Nonidet P-40 fraction lacks detectable Mega by Western blot analysis (Fig. 2D ) the subsequent mass spectrometry identified various proteins including Mega in this sample.
Mass Spectrometry of the Mega Protein Complex-The immunoprecipitates with anti-Mega mABs from the solubilized 0.5 and 1% Nonidet P-40 fractions as well as the corresponding controls i.e. immunoprecipitates with beads without coupled antibodies (see Fig. 2 ) were analyzed by mass spectrometry after in-gel digestion of entire PAGE lanes ("Experimental Procedures"). We identified 142 different proteins that (1) and btl-GAL4;UAS-mega (2) embryos stained with the anti-Mega mAB. The mAB detects Mega specifically in extracts from wild-type (1) and mega overexpression (2) embryos. E, whole-mount antibody staining of btl-GAL4;UAS-mega embryos at stage 15 using the anti-Mega mAB is shown. Mega reveals massive accumulation in cells of the tracheal system. Shown is whole-mount staining of wild-type (F) and mega G0012 mutant embryos (G) using the anti-Mega mAB (green) and chitin binding probe (red). Chitin-binding protein serves as marker for tracheal morphogenesis and reveals wild-type tracheal development (arrow in F) and the typical tortuous tracheal branches of mega mutant embryos (arrow in G). Although the anti-Mega mAB detects Mega in wild-type embryos (green in F) no Mega is detectable in mega mutant embryos (G).
were present in both 0.5 and 1% Nonidet P-40 immunoprecipitates with anti-Mega mABs but not in the corresponding controls (supplemental Table 1 ). Thus, the SJ component Mega may interact with 142 different proteins. 10 of such proteins are bona fide SJ components, and the remaining 132 proteins may represent SJ or SJ-associated proteins (summarized in Table 1 ). To analyze their putative role for SJ formation, we performed an in vivo analysis by tissue-specific RNA interference (RNAi) gene knockdown experiments.
Functional Analysis of the Putative SJ Proteins-SJ protein complexes are essential for normal development and epithelial tissue integrity of tubular organs. We have used the Drosophila tracheal system as a read out system to study abnormal morphogenesis mediated by SJs defects. During embryogenesis the tracheal system forms specialized branches that fuse with adjacent branches, and consequently a three-dimensional tubular network is generated (23) . During branch maturation, tracheal cells secrete chitin that forms a transient cylindrical matrix into the lumen of the tubes. The correct deposition of chitin in the apical extracellular matrix and its dynamic modification is necessary for the controlled dilation of the tubular walls (24 -26) . It is assumed that distinct classes of cargo vesicles facilitate apical trafficking of luminal components whereby one class depends on SJs to mediate normal transport and apical secretion of chitin deacetylases (27) . During all stages of embryonic tracheal development the system is filled with liquid. This becomes replaced by gas in a process referred to as liquid clearance (LC) at the end of embryogenesis. The LC of the tubes creates a functional organ system that supplies oxygen to the tissues throughout larval stages (28, 29) . The elaborate morphogenesis of the Drosophila tracheal system (Fig. 3, A and B) and LC of the tubes (Fig. 3C) critically depends on functional SJs. Mutations in genes that encode SJ components reveal elongated and tortuous tracheal branches during embryogenesis. Such mutants do not perform tracheal LC, probably due to disruption of the transepithelial barrier function (9 -11). Hence, as expected, the tracheal-specific knockdown of mega gene expression by RNAi reveals tortuous tracheal branches (Fig. 3, D and E) , failure to perform tracheal LC (Fig. 3F) , and consequently lethality during the first instar larval stage (not shown).
To obtain information about the possible functions of Mega interacting proteins, we first analyzed whether these components are essential for normal tracheal development. For this we performed tissue-specific RNAi-mediated gene knockdown experiments using the UAS/GAL4 system (22) . The well established driver btl-GAL4 was used to mediate RNAi expression ubiquitously in the developing tracheal system from stage 11 onward (see "Experimental Procedures"). The RNAi-mediated knockdowns of 74 genes in the developing tracheal system do not impair normal development and generate viable and fertile flies ( Table 1) , suggesting that these genes may not be essential for development and/or maintenance of tracheal branches during embryogenesis. Consequently, these genes may not play crucial roles for SJ formation. Thus, they were not further analyzed in vivo, although we cannot rule out essential functions of these genes due to inefficiency of RNAi-mediated gene knockdown. In contrast, the tracheal knockdowns of 55 genes cause lethality ( Table 1 ), suggesting that these proteins are essential for normal trachea formation and/or function. We should point out that the btl-GAL4 driver is not restricted to tracheal cells but is also expressed in midline glia and neuronal cells of the central nervous system. To examine whether the lethality is caused by affected tracheal SJs, we analyzed the phenotypes after RNAi-mediated gene knockdown using three different approaches. 1) We determined the developmental stage during which the animals die. 2) We analyzed the tracheal morphology during late embryogenesis using a specific tracheal marker. 3) We analyzed the tracheal LC process during the first instar larval stage. The results are summarized in Table 1 . The progeny of 40 lines die during larval and/or pupal stages after RNAi-mediated gene knockdown with no discernable effects on tracheal development or LC (Fig. 3, A-C ; not shown). Such animals develop a wild-type-like tracheal morphology (Fig. 3, A  and B ; not shown) and perform normal LC of the tracheal system during embryogenesis ( Fig. 3C; not shown) . Thus, the results suggest that this group of genes mediates essential functions during late larval or pupal stages but has no crucial func-FIGURE 2. Immunoprecipitation of the Mega protein complex using the anti-Mega mAB 1H10F7. Protein membrane extracts of 9 -22-h-old wildtype embryos were prepared, and IPs were performed with the anti-Mega mAB 1H10F7 as described ("Experimental Procedures"). The membrane fractions were solubilized by 1.0% Nonidet P-40 (A and B) or 0.5% Nonidet P-40 (C and D) in lysis buffer, aliquots were analyzed by SDS-PAGE (A and C) and immunoblots were probed with the anti-Mega mAB (B and D). The solubilized supernatants (S), the supernatants after IP (S-IP), the supernatants after control IP (S-cIP), the eluates after IP (E-IP), and the eluates after control IP (E-cIP) are shown. The numbers indicate the molecular mass in kilodaltons. E-IP from membrane fractions solubilized by 1.0% Nonidet P-40 lysis buffer contain detectable Mega protein (B), whereas membrane fractions solubilized by 0.5% Nonidet P-40 lysis buffer lack detectable Mega protein (D).
TABLE 1 In vivo analysis of the Mega interacting proteins
The Mega interacting proteins were analysed by tissue-specific knockdown experiments of the corresponding genes (column 1, computational gene (GC) number: column 2, annotated proteins are indicated according to FlyBase (43)). For this the UAS-RNAi fly lines (column 3, transformant ID from the VDRC Stock Center) were crossed with the tracheal driver line btl-GAL4, and the progeny were analysed according to their survivability. Viable progeny (V) and progeny lethal during embryogenesis (E), larval stages (L1, L2, L3) and/or pupa (P) are indicated in column 4 (lethal stage). The tracheal morphology of lethal progeny were analysed by 2A12 antibody staining, and the LC of first instar larvae was analysed by brightfield light microscopy (for details, see Fig. 3 ). Published SJ components are indicated. Abbreviations: V, viable; n.a., not available; n.d., not done; net.def., tracheal network defects. tion during early tracheal development. RNAi-mediated tracheal knockdown of seven genes leads to the disruption of the tracheal network (Fig. 3, G and H; not shown) , loss of tracheal LC ( Fig. 3I ; not shown) and consequently death during embryogenesis or first instar larval stage. The tracheal networks are disrupted at varied positions in different embryos suggesting that no specific cell types, e.g. fusion cells of the tracheal system are affected by these RNAi knockdowns. Rather, the results suggest that general cell functions are influenced, leading to the disruption of cell-cell interconnections.
The most interesting group of genes is characterized by RNAi-mediated phenotypes resembling SJ mutant phenotypes, i.e. tortuous tracheal branches, similar to what is observed for mega mutant embryos. This group consists of the clathrin heavy chain gene (chc; CG9012) (30, 31) , the recently identified gene crimpled (crim; CG6038) (15) , and the uncharacterized gene CG3921, which encodes a putative member of the scavenger receptor protein family (supplemental Fig. 1 ; see "Discussion"). The RNAi-mediated tracheal phenotypes of chc (not shown) and crim (Fig. 3, J and K) are similar and comparable to the RNAi-mediated mega phenotype (Fig. 3, D and E) . In contrast, tracheal knockdown of CG3921 reveals an even stronger phenotype, i.e. the tracheal system shows more enhanced tortuous branches (Fig. 3, M and N) than found in the RNAi-mediated mega phenotype (Fig. 3, D and E) . In addition, all three members of this group reveal RNAi-mediated knockdown larvae that lack normal tracheal LC (see Fig. 3F for mega, Fig. 3L for crim, and Fig. 3O for CG3921) .
Chc components assemble with numerous adaptor proteins to establish clathrin-coated vesicles, which mediate cargo selective endocytosis (31) . In the Drosophila tracheal system, it was demonstrated that Chc is required for tube length control and LC of the tracheal tubes (28, 29) , consistent with our RNAimediated chc knockdown results ( Table 1 ). The subcellular Chc localization appears dynamic in Drosophila and is associated with early endocytotic vesicles at or close to the plasma membrane (20) . Our binding studies suggest that Mega associates with the Chc complex (Table 1) . Thus, we performed co-immunofluorescence stainings in late wild-type embryos and found partial co-localization of Mega and Chc (Fig. 4, B-E) . In addi- tion, in silico analysis revealed a sorting sequence motif in Mega (Fig. 4F ) associated with clathrin-mediated endocytosis of transmembrane proteins (32) . These results indicate a close contact of Mega with Chc and Mega endocytosis via clathrincoated vesicles.
It has recently been shown that the Mega interaction partner Crim is involved in SJ formation. However, the intracellular localization of Crim was yet unknown. Thus, we generated an anti-Crim antibody ("Experimental Procedures") and analyzed the intracellular Crim distribution (Fig. 5) . Crim co-localizes with the SJ marker Mega in apical membrane regions of tracheal (Fig. 5A), hindgut (Fig. 5B) , and salivary gland cells (Fig.  5C ). Thus, our results indicate that Crim represents a bona fide SJ protein and suggest that Crim acts as a binding partner of Mega within the SJ.
DISCUSSION
This paper presents the first comprehensive proteomic study of an invertebrate claudin protein complex. We used the highly specific anti-Mega monoclonal antibody for immunoprecipita- tion of membrane proteins via their interaction with the Drosophila claudin Mega. Although the membrane proteins were solubilized from the lipid bilayer by two different concentrations of detergent (1% and 0.5% Nonidet P-40), the sets of Mega-interacting proteins are very similar after immunoprecipitation followed by mass spectrometry. However, under the less stringent 0.5% Nonidet P-40 conditions, a lower total protein amount was immunoprecipitated. This led to the detection of Mega via the very sensitive mass spectrometry analysis but not via Western blot analysis.
Our immune-precipitation studies revealed a set of 142 proteins that potentially interact with the claudin Mega. These proteins include 10 bona fide SJ components that represent most of the SJ components identified so far and, thus, serve as proof of concept for our analysis. In contrast, the high number of established and putative ribosomal proteins identified after immunoprecipitation suggests unspecific binding of these highly abundant proteins. However, we cannot exclude specific binding of one or more of such factors to the SJ protein complex. Therefore, to avoid biased results, we performed an in vivo analysis of the entire repertoire of the 142 proteins identified by mass spectrometry.
We show that the RNAi-mediated tracheal knockdown of the Mega interaction partner Rho1 reveal tracheal network disruptions and a lack of tracheal branch interconnection. It has previously been shown that the RhoGTPase Rho1 acts as a substrate of the RhoGAP enzyme Crossveinless-c (Cv-c) that affects actin-myosin apical distribution, likely by regulation of Rho1 activity (33) . Embryos mutant for cv-c or rho1 reveal affected tracheal cell invagination, which generates tracheal phenotypes similar to the RNAi-mediated Rho1 knockdown phenotypes. During the later stages of development Rho1 regulates adherence junctions during morphogenesis (34) . However, additional Rho1 accumulation in the region of SJs (34) and our finding of the potential Mega-Rho1 interaction may also suggest regulation of SJs via Rho1 binding to the claudin Mega.
It has been proposed that endocytosis is involved in the recycling of the SJ component Melanotransferrin to the apicolateral membrane region where it forms complexes with Neurexin IV, Contactin, and Neuroglian (16) . Importantly, our data provide evidence that Mega participates in this multiprotein complex formation as all four proteins co-precipitate with Mega. We further found that the previously characterized protein clathrin heavy chain (Chc) interacts with Mega, and our in vivo analysis revealed that Chc is essential for normal tracheal morphogenesis and gas filling of the tubes. Previous investigations identified caveolin-and clathrin-mediated forms of endocytosis important for TJ components in vertebrates (35, 36) . For example, studies in human alveolar and T84 intestinal cells demonstrate Claudin internalization via clathrin vesicles (37, 38) . In Drosophila, molecular mechanisms of claudin endocytosis are poorly understood. Caveolin has not been identified in the fly, whereas Chc, the main component of clathrin-mediated endocytosis, is expressed in a vesicle-like pattern within the cytoplasm and at the plasma membrane (20) . Interestingly, the Mega sequence contains a conserved sorting signal for clathrinmediated endocytosis similar to that described in the human Claudin 4 sequence (37). This motif is usually situated within cytosolic protein domains (32) . Consistently, the Mega sorting motif is localized within the intracellular loop framed by the second and third transmembrane domains. However, the short distance between the sorting signal in Mega and the transmembrane domain is unusual for such motifs (32) . Based on the co-localization of Mega and Chc and the conserved sorting signal, we suggest similar clathrin-dependent mechanisms of Drosophila and vertebrate claudin endocytosis and turnover at the plasma membrane. Thus, Mega internalization may play a crucial role in the remodeling of SJs, as it has been observed for TJ remodeling by claudins in vertebrates (39) .
Our immunoprecipitation experiments indicate an association of Mega with all three subunits, Sec61␣, Sec61␤, and Sec61␥, of the Sec61p complex. Oligomers of the Sec61p complex make up the protein translocation channel at the endoplasmic reticulum. Protein translocation across the endoplasmic reticulum is the initial step in the biogenesis of secretory and membrane proteins (40) . Because intact SJs are essential for the secretion of the chitin deacetylases Serpentine and Vermiform (27, 41) , we suggest that these particular secretion processes depend on an interaction of the SJ component Mega with the Sec61p complex proteins Sec61␣, Sec61␤, and Sec61␥. We cannot exclude the possibility that Mega and Sec61p complex protein interaction occurs during the transport of Mega across the protein translocation channel. However, we favor the model of an interaction between the Sec61p complex and SJs via the SJ component Mega because it integrates the essential requirements of Mega for SJ formation and the secretion of Serpentine and Vermiform via the Sec61p complex as well.
The Mega binding partner Crim is a member of the Ly6 protein family, whose members are characterized by glycosyl phosphatidylinositol-anchored, cysteine-rich cell surface molecules. It has recently been shown that at least four members of this group, Boudin (42), Crim, Crooked, and Coiled (15) , are required for SJ formation. However, in contrast to Crooked and Coiled, which are required for SJ formation and localized in SJs (15) , it was shown that Boudin requirements for SJ organization are non-cell-autonomous, and Boudin is secreted extracellularly (42) . Thus it was of particular interest to analyze the intracellular distribution of Crim. Our finding that Crim co-localizes with the SJ marker Mega in all analyzed tissues indicate that Crim represents a bona fide SJ component as shown for the Ly6 family members Crooked and Coiled. Thus, we speculate that Mega, Crim, and other Ly6 proteins participate in the formation of multiprotein complexes to mediate their functional SJ association.
The immune-precipitation experiments show that Mega interacts with an uncharacterized protein encoded by CG3921. The RNAi-mediated tracheal knockdown of CG3921 revealed tracheal phenotypes during embryogenesis that are reminiscent of SJ mutant phenotypes. Furthermore, CG3921 tracheal knockdown embryos fail to perform gas filling of the tracheal branches as found in embryos with affected SJs. CG3921 encodes a conserved 3115-amino acid long putative scavenger receptor protein (supplemental Fig. 1 and 2) (43) . Thus, we assume that CG3921 protein participates in the SJ protein complex at the lateral plasma membrane. Future experiments including mutant analysis and localization studies of CG3921 protein by specific antibodies will determine whether this putative scavenger receptor participates in SJ function and tracheal morphogenesis.
